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The directed flow of protons and pi+ have been studied in 158 A GeV 208Pb + 208Pb collisions.
A directed flow analysis of the rapidity dependence of the average transverse momentum projected
onto the reaction plane is presented for semi-central collisions with impact parameters ≈ 8 fm, where
the flow effect is largest. The magnitude of the directed flow is found to be significantly smaller
than observed at AGS energies and than RQMD model predictions.
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Collective flow has been studied in heavy ion colli-
sions since first observed at the Bevalac by the Plastic
Ball experiment [1]. At Bevalac energies of a few GeV
per nucleon and lower, the study of collective flow has
been of interest largely due to its expected sensitivity
to the nuclear equation of state (EOS) [2]. However,
the extraction of information on the EOS in heavy ion
collisions is complicated by uncertainties in the initial
dynamics of the pre-hydrodynamic stage, such as due
to the momentum-dependence of the repulsive nucleon-
nucleus interaction [3] and possible in-medium modifi-
cations of the nucleon-nucleon cross section [4]. Never-
theless, the importance of collective flow measurements
in ultra-relativistic heavy ion collisions has been empha-
sized by several authors [5–9]. Collective flow develop-
ment follows the time evolution of pressure gradients in
the hot, dense matter. Thus, collective flow can serve
as a hadronic “penetrating probe” to provide informa-
tion on the initial state. In particular, the formation of
a Quark Gluon Plasma (QGP) during the early stages
of the collision is expected to result in reduced pressure
gradients due to a softening of the EOS, with a corre-
sponding reduction of collective flow [5,7,8].
Transverse collective flow is normally discussed in
terms of its lowest order symmetries with respect to the
reaction plane, which have recently been formulated in
terms of a Fourier decomposition [10,11]. The lowest or-
der component is radial flow which is characterized by
an isotropic transverse flow velocity. The next compo-
nent is the directed flow which is characterized by the
net displacement of the flow into a particular transverse
direction. The elliptic flow component corresponds to the
second order Fourier coefficient of the flow pattern.
Recently, collective flow has been observed at the AGS
energy of 11 A GeV [12]. The directed flow is observed
to be smaller than at lower incident energy but similarly
consistent with model calculations [13]. It is also ob-
served that the elliptic flow has changed from an out-of-
plane squeeze-out direction to an in-plane direction [13].
At CERN SPS energies it has recently been shown that
it is possible to determine the event-plane in the tar-
get fragmentation region for 16O- and 32S-induced reac-
tions [14] and also in the mid-rapidity region for 32S- [15]
and 208Pb-induced reactions [16]. Directed flow results at
SPS energies were first reported in [17] and both directed
and elliptic flow results have recently been published [18].
In this letter we analyze the centrality dependence of the
directed flow of protons and π+ in 158 A GeV 208Pb +
208Pb and present a detailed analysis of its rapidity de-
pendence at the intermediate centrality where it is great-
est.
The present analysis makes use of a subset of the de-
tector systems of the WA98 experiment. This subset
consists of the trigger detectors, the Plastic Ball detec-
tor, and the tracking spectrometers. The large aperture
dipole magnet, Goliath, provided momentum analysis for
the tracking detectors. The data presented were taken
during the 1996 SPS run period with 158 A GeV 208Pb
beams using a 213 µm thick 208Pb target. The WA98
minimum bias cross section for this run period, with mag-
netic field on, was σmb = 6450 mb.
The trigger detectors consisted of a nitrogen gas
Cˇerenkov counter to provide a fast beam trigger (≤ 30 ps
time resolution), beam-halo veto counters, and the
MIRAC calorimeter. A beam trigger was defined as a
signal in the start counter with no coincident signal in the
veto counter (which had a 3 mm diameter circular hole)
or in beam halo counters. The MIRAC measures the to-
tal transverse energy over the interval 3.2 < η < 6.0 with
full azimuthal coverage over the interval 3.7 < η < 4.9.
The WA98 minimum bias trigger requires a clean beam
trigger with a MIRAC transverse energy which exceeds
a low threshold.
The Plastic Ball detector provides full azimuthal cover-
age in the target fragment region (pseudorapidity −1.7 <
η < 0.5) with 655 detector modules. It provides iden-
tification of pions, protons, deuterons, and tritons (π,
p, d, and t) with kinetic energies of 50 to 250 MeV
by the ∆E− E method. In addition, stopped π+ are
identified by detection of the delayed e+ from the de-
cay π+ → µ+ + νµ → e
+ + νe + νµ + νµ in the Plas-
tic Ball. For the present analysis the rapidity region
−0.6 < y(proton) < 0.3 has been used.
The measurement of identified particles near mid-
rapidity was obtained using two large acceptance track-
ing arms beginning about 3.3 meters downstream of the
Goliath magnet. With the normal operation magnetic
field setting the first tracking arm was located to the
side of negative charge deflection and the second tracking
arm to the side of positive charge deflection. The posi-
tive charge results are presented here. The momentum
resolution of the tracking system may be parameterized
as ∆p/p ∼ 0.97% + 0.16% p + 0.023% p2 (p in GeV/c).
The acceptance for protons covered an interval ∆yp ≈ 0.3
which shifted with transverse momentum to provide cov-
erage over the region 1.4 < yp < 2.4. Particle identifica-
tion was obtained by time-of-flight measurement with a
resolution of < 90 ps.
We determine the reaction plane as the azimuthal di-
rection, Φ0, opposite to ~PT , the total transverse momen-
tum vector of fragments (p, d, and t) detected in the
target rapidity region in the Plastic Ball detector.1 To
check for detector effects, mixed events are created by
mixing particles from different events keeping the same
multiplicity distribution as in the real events. The mixed
events are then analyzed in the same manner as the real
events. The laboratory distribution of Φ0 is nearly uni-
1Note: the opposite direction is chosen by convention that
the projectile fragments define the direction of positive flow.
form, with less than 2% variations. The Φmix distribu-
tion for mixed events is observed to show the same weak
variations indicating small detector effects. The data
have not been corrected for this effect since the analy-
sis of the mixed events shows a negligible result.
In order to study how well the fragment flow direc-
tion is defined, we divide each event randomly into two
equal sized subevents and determine a fragment flow di-
rection for each subevent, Φa and Φb. If the direction
of ~PT is well-defined, the directions determined from
each subevent should be strongly correlated [6,19,11]. In
Fig. 1, the Φa −Φb correlation is shown for two different
centrality bins. As expected, the correlation observed for
semi-central events is significantly larger than for very
central events. Also shown are the results for mixed
events allowing (open squares) or forbidding (open cir-
cles) multiple module hits. The former case demonstrates
that detector non-uniformities are negligible. In the lat-
ter case a weak anti-correlation is observed due to the
finite detector granularity and an excluded-module ef-
fect. The data have been corrected for this effect using
such mixed events.
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FIG. 1. The distribution of differences between the to-
tal transverse momentum directions of two randomly chosen
equal size subevents of fragments (p,d,t) in the target rapidity
region for a) semi-central (100 < ET < 200 GeV) and b) cen-
tral (380 < ET < 420 GeV) collisions of 158 A GeV
208Pb +
208Pb. Solid circles are for subevents within the same event.
Open points are for subevents constructed from mixed events.
Solid curves are fits to guide the eye.
Azimuthal anisotropies of the particle emission are
evaluated by means of a Fourier expansion [10,11]. The
Fourier coefficients vn(n = 1, 2) are extracted from the
azimuthal distribution of identified particles with respect
to the reaction plane, Φ0, which is determined using all
other fragments in the Plastic Ball.
1
N
dN
d(φ− Φ0)
= 1 + 2v′1cos(φ − Φ0) + 2v
′
2cos(2(φ− Φ0)), (1)
where φ is the measured azimuthal angle. The Fourier co-
efficient v′1 quantifies the directed flow, whereas v
′
2 quan-
tifies the elliptic flow. The coefficients must be corrected
for the event plane resolution as vn = v
′
n/〈cos(n(Φ0 −
Φr))〉 where Φ0 − Φr is the deviation of the measured
reaction plane from the true reaction plane. The event
plane resolution may be extracted from the correlation
between subevents. For weak correlations one expects
〈cos(Φ0−Φr)〉 ≃
√
2〈cos(Φa − Φb)〉. Using the more ac-
curate procedure and interpolation formula of Ref. [11]
one obtains 〈cos(Φ0 − Φr)〉 = 0.377± 0.018 for the semi-
central (100 < ET < 200 GeV) event selection.
The dependence of the v1 fit parameter on centrality,
as determined by the measured transverse energy (ET ),
is shown in Fig. 2. For convenience an impact param-
eter scale is also shown. The ET scale has been con-
verted to an impact parameter scale assuming a mono-
tonic relationship between the two quantities, and equat-
ing dσ/dET with dσ/db. As seen in Fig. 2, the strength of
the directed flow of protons increases with centrality and
reaches a maximum value for semi-central collisions with
b ≈ 8 fm. It is interesting to note that the strongest flow
effect occurs at larger impact parameters than observed
at lower incident energy for similar systems (where b ≈ 4
fm) [4,12]. For comparison, RQMD 2.3 [22] model pre-
dictions are shown subjected to the same analysis after
applying the Plastic Ball detector acceptance, but using
the true reaction plane. RQMD predicts a significantly
stronger correlation for protons than observed.
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FIG. 2. The centrality dependence of the directed flow co-
efficient v1 for protons (circles) and pi
+ (squares). Triangles
are results from RQMD model calculations. The data have
been corrected for the event-plane resolution. The vertical
bars indicate the uncertainty of the fit and resolution correc-
tion. The horizontal bars indicate the ET bin intervals (or
impact parameter intervals for RQMD).
Also shown in Fig. 2 is the strength of the directed
flow of π+, identified in the Plastic Ball. A clear anti-
correlation, or anti-flow [20], is observed between the
fragment and π+ flow directions. This behaviour has
been observed at incident energies from 1 A GeV to SPS
energies and has been explained as resulting from prefer-
ential absorption of the pions emitted in the target spec-
tator direction [13,14,20,21]. The absorption results in
an oppositely directed apparent π+ flow. The strength
of the anti-correlation increases for the most peripheral
events, indicating the increasing role of absorption.
A conventional directed flow analysis has been per-
formed [19], in which the average transverse momentum
with respect to the reaction plane 〈px〉 is evaluated as a
function of rapidity. This is done for semi-central colli-
sions (100 < ET < 200 GeV) where the largest azimuthal
asymmetry is observed (see Fig. 2). The distribution
d3N/dp′xdp
′
ydy is constructed for protons and π
+ in the
Plastic Ball and in the tracking arm, where the new axis
p′x corresponds to the reaction plane determined event-
by-event using all remaining fragments measured in the
Plastic Ball (then reflected, p′x → −p
′
x, to correspond to
the projectile fragment direction, according to conven-
tion). At each rapidity the average transverse momen-
tum in the reaction plane, 〈p′x〉, is calculated from fits to
the experimental distributions.
Similar to vn, the average projected momenta are re-
duced by 〈p′x〉 = 〈px〉 · 〈cos(Φ0 − Φr)〉. After correction
for the event-plane resolution, the 〈px〉 for protons and
π+ are plotted as a function of rapidity in Fig. 3. As
expected from Fig. 2, the π+ show an anti-flow relative
to the proton flow. Summing over the Plastic Ball accep-
tance 〈px〉 values of 8.2 ± 0.7,−24.9 ± 1.9,−53.6 ± 4.1,
and −78.4 ± 5.8 MeV/c are obtained for π+, p, d, and
t, respectively. The observed scaling with fragment mass
for p, d, and t indicates emission sources with a common
collective motion.
The main sources of systematic error in the present
analysis are: detector non-uniformities, contamination
in the particle identification, and fit biases in extract-
ing 〈px〉 [23]. The mixed event analysis indicates that
systematic errors from detector non-uniformities are less
than 2%. The effect of contamination has been estimated
by Monte Carlo simulations. The amount of contamina-
tion can be estimated from fitting the background under-
lying the peaks in the Plastic Ball particle identification
spectra. For example, the amount of contamination in
the proton sample varies from 6% in peripheral events to
26% in central events. The effect of contamination has
been estimated in simulation by analyzing events with
various amounts and types of contaminated particle dis-
tributions compared to pure particle distributions, where
the various distributions are taken to have spectra and
flow characteristics similar to those measured. These
studies indicate a maximum systematic error of 8.5%.
The extraction of 〈px〉 is estimated to have an additional
15% uncertainty deduced from observed variations in the
results depending on the fit region or method used to fit
the d3N/dp′xdp
′
ydy distribution. These systematic errors
have not been included in Figs. 2 or 3.
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FIG. 3. The average transverse momentum projected onto
the reaction-plane for semi-central 158 A GeV 208Pb + 208Pb
collisions (note ycm = 2.9). The vertical errors indicate the
statistical errors of the fit only. The horizontal bars on the
tracking points indicate the width of the rapidity bin. RQMD
model calculations (b=8-10 fm) and VENUS model calcula-
tions (b=8-10 fm) are also shown. The VENUS prediction for
pi+ (not shown) is similar to that of RQMD.
In Fig. 3 the measured results are compared to
RQMD 2.3 [22] and VENUS 4.12 [24] predictions for
similar impact parameter range. The RQMD calcula-
tion, in cascade mode, overpredicts the observed proton
flow by about a factor of three. On the other hand, at
AGS energies cascade mode RQMD calculations under-
predict the observed directed flow by about a factor of
two, but reasonable agreement is obtained when mean
field effects are included [13]. At SPS energies mean field
effects are expected to be smaller, but would increase the
observed disagreement. The VENUS predictions show a
similar disagreement in the target rapidity region. The
results suggest a significant softness in the nuclear re-
sponse. The maximum proton 〈px〉 observed is in better
agreement with predictions of the Quark Gluon String
Model (with rescattering) of Ref. [5] and with a 3-fluid
hydrodynamical model calculation [25]. However, these
predictions have not been filtered with the experimental
acceptance and both calculations predict that the max-
imum 〈px〉 occurs about one unit forward of the target
rapidity. It is interesting to note that VENUS predicts
a complicated proton flow behaviour with protons hav-
ing an anti-flow direction (similar to the RQMD pion
prediction) near mid-rapidity. However, this prediction
disagrees with the results of Ref. [18].
In summary, the directed flow of protons and π+ has
been studied in 158 A GeV 208Pb + 208Pb collisions.
The directed flow is largest for impact parameter ≈ 8
fm, which is considerably more peripheral than observed
at lower incident energies. The π+ directed flow is in the
direction opposite to the protons, similar to observations
at 11 A GeV energy [13]. The magnitude of the pro-
ton directed flow is much less than cascade mode RQMD
model predictions, which underpredict the proton flow at
AGS energies. It is also much less than VENUS model
predictions. The results indicate a soft nuclear response
compared to these model predictions at SPS energies.
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